A total of 106 trephine biopsy specimens with clinical, laboratory and pathology findings corresponding to chronic myeloproliferative disorders (CMPD) were analyzed to reveal the nature of the lymphoid infiltrate in the bone marrow. Histological investigation in 31 chronic myeloid leukemia (CML), 29 CMPDs not otherwise specified (CMPD-NOS), 28 essential thrombocytosis (ET), 15 polycythemia vera (PV) and three chronic eosinophilic leukemia/hypereosinophilic syndrome (CEL/HES) exhibited in 32% various amounts of lymphocytic infiltrate of sparsely to moderately diffuse or nodular types in the bone marrow, but the reactive or coinciding lymphomatous nature could not be revealed by histology alone in the majority of cases. PCR analysis of the immunoglobulin heavy chain (IgH) gene rearrangement was successfully performed in 81 out of the 106 DNA specimens extracted from formol-paraffin blocks. Out of the 81 samples with good-quality DNA, 18 gave a single or double discrete amplification band(s), which was reproducible only in four specimens. Sequencing finally proved monoclonal B-cell population of both pre-and postfollicular origin in all four samples (5%), one CML and three CMPD-NOS. Detailed clinical and pathological investigations indicated overt B-cell malignant lymphoma with clonal relationship to the CMPD in two out of these four patients. We conclude that detailed molecular analysis of IgH gene rearrangement in bone marrow samples of CMPD patients is needed to identify the true monoclonal B-cell infiltration, which-even without overt malignant lymphoma-may occur in this group of disorders.
Indolent B-cell malignant lymphomas of various types may coexist with chronic myeloproliferative disorders (CMPDs). Sporadic cases have been described where patients presented simultaneously or consecutively CMPD, mainly chronic myeloid leukemia (CML), and multiple myeloma (MM), chronic lymphocytic leukemia (CLL) or hairy cell leukemia (HCL). [1] [2] [3] [4] [5] Systematic analysis of the incidence of coexisting malignant lymphoma (ML) with CMPD in untreated patients is not available in the literature to our knowledge. The diagnosis of a coexisting indolent lymphoma-except multiple myeloma, where light-chain restriction analysis by immunohistochemistry is available-is not easy by histology of the trephine biopsy sample alone, because various amoun of lymphocytic infiltrate is a well-known feature of the different CMPDs. 6 Polymerase chain reaction (PCR) analysis of the immunoglobulin heavy chain (IgH) gene rearrangement on the DNA extracted from paraffin blocks might seem to be a useful tool to solve the diagnostic problem, but the interpretation of the PCR results might be troublesome for two reasons. On the one hand, spurious monoclonality is a well-known feature of samples with low number of B-cell clones, [7] [8] [9] while on the other hand, CMPDs, in general, are considered as diseases of uncommitted stem cell origin, implying that at least a fraction of normal B-lymphocytes are clonal. 10 To reveal the incidence of coexisting malignant lymphoma of B-cell lineage and the diagnostic value of combined histology and molecular techniques 106 consecutive trephine biopsies from untreated CMPD patients were investigated by routine histopathology and for IgH gene rearrangement. Our data indicate that monoclonal B-cell infiltrate in the bone marrow of CMPD patients, not necessarily discernible by morphology alone, may occur with or without clinically overt malignant lymphoma of B-cell lineage.
Materials and methods

Patients Samples
A total of 106 consecutive patients whose clinical, laboratory, histological and molecular findings were consistent with chronic myeloproliferative disorders were enrolled into this study. All patients were untreated and the trephine biopsies derived from the primary diagnostic procedure. CMPDs were classified according to the WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues. 11 Trephine biopsy material, occasionally also bone marrow aspirate and peripheral blood sample, was available in all cases. One patient (#105) was the subject of a previous study. 12 As control groups, trephine biopsies from 40 untreated indolent B-cell malignant lymphoma patients (18 CLL, nine follicular lymphoma /FL/, seven MM, four marginal zone lymphoma /MZL/, one HCL, one Waldenström macroglobulinemia) as well as 50 biopsies taken for staging purposes in malignancies others than B-cell MLs were also analyzed.
Histology-Cytology
Trephine biopsy materials or bone marrow aspirates were fixed in 4% formaldehyde in phosphatebuffered saline (pH 7.2). for 24 h, then decalcified in EDTA solution for another day and embedded into paraplast using standard techniques. Sections of 4 mm thickness were stained for hematoxylineosin, Giemsa and reticulin fibers. The cytological preparations were stained for May-Grü nwaldGiemsa as well as myeloperoxidase and Prussian blue reactions.
Immunohistology
Paraffin sections of the bone marrow samples were mounted on silanized slides and stained for CD3, CD5, CD10, CD20, CD23, kappa and lambda light chains, cyclin D1 and occasionally for DBA44. Primary antibodies as well as the LSAB 2 visualization system using 3,3 0 -diaminobenzidine as chromogen were obtained from DakoCytomation (Denmark A/S, Glostrup, Denmark).
DNA Extraction
Genomic DNA was extracted from one or two 10 mm thick formol-paraffin sections. The sections were deparaffinized, the remaining tissue pellet was digested in 100-200 ml digestion buffer (10 mM Tris-HCl (pH:8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.45% Triton X-100, 0.45% Tween-20) containing 200 mg/ml proteinase K (Sigma-Aldrich Corp., St Louis, MO, USA) at 561C, overnight. After digestion, proteinase K was inactivated by incubating at 951C for 10 min and the crude lysate was directly used for PCR amplification.
Immunoglobulin Heavy Chain (IgH) Gene Rearrangement and Sequence Analysis PCR amplification was conducted as described with slight modifications. 13 The CDR III region of the rearranged IgH gene was amplified using consensus V H (5 0 -CTG TCG ACA CGG CCG TGT ATT ACT G -3 0 ) and J H (5 0 -AAC TGC AGA GGA GAC GGT GAC C -3 0 ) primers. Genomic DNA was amplified in the presence of 200 mM dNTPs (Invitrogen, San Diego, CA, USA), 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 20 pmol of each primers and 1.25 U Taq DNA polymerase (Sigma-Aldrich Corp., St Louis, MO, USA). The mixture was subjected to 40 cycles of 40 s at 941C, 30 s at 551C, 40 s at 721C in a thermocycler (MiniCycler, MJ Research, Watertown, MA, USA). PCR product was size fractionated in 10% polyacrylamide and/or 2% agarose gel by electrophoresis and visualized with 0.5 mg/ml ethidium bromide. This PCR assay indicates monoclonality when one or two discrete band(s) appear(s) in the range of 100-150 bp. The DNA bands were excised then extracted from the gel using the QIAEX II Gel Extraction Kit (QIAGEN GmbH, Hilden, Germany). The DNA was ligated in pGEM-T Easy Vector and transformed into Escherchia coli JM109 High Efficiency Competent Cells (pGEM-T Easy Vector System, Promega, Madison, WI, USA). After transformation the cells were cultured on LB/ ampicillin/IPTG/X-Gal plates and the recombinant clones were identified by the blue/white color screening. Five white colonies per sample were grown up in LB/ampicillin medium and the plasmid DNA purified using the QIAprep Spin Miniprep Kit (QIAGEN GmbH). The inserts were sequenced using the appropriate primers and an ABI PRISM 310 Genetic Analyser (Applied Biosystems, CA, USA). Monoclonality was finally claimed only when identical and unique sequences were detected from analysis of multiple isolates.
Somatic Hypermutation Analysis
DNA samples extracted from WBCs of three out of those four patients with monoclonal amplification of the CDR III region in the trephine biopsies were Mutations in the V regions were identified by comparing the sample sequences with the closest published germline genes. The percentage of identity with the germline sequence and the ratio of the observed replacement (R) and silent (S) mutations were determined. The theoretically expected R/S ratio in the CDR regions was calculated using a computer algorithm.
Bcr-abl Rearrangement and Expression Analyses
RNA isolation, reverse transcription (RT) as well as PCR for bcr-abl expression were done as previously described. 15 MMLV-RT was obtained from Oncor (Gaithersburg, MD, USA). Fluorescence in situ hybridization (FISH) for bcr-abl rearrangement was conducted according to the manufacturer's instruction using the LSI bcr-abl dual color DNA kit (Vysis, Downers Grove, IL, USA). Cell lineage-specific interphase cytogenetic analysis using consecutive double immunofluorescence labeling and FISH as well as computer-assisted relocalization of the appropriate fields were performed as previously described. 16 
Flow Cytometry
Three-color flow cytometry using an indolent B-cell lymphoma panel (directly labeled CD3, CD10, CD11c, CD19, CD20, CD23, CD25, CD45, kappa and lambda light chains from DAKO A/S, Glostrup, Denmark) was performed occasionally for immunophenotyping WBCs in whole-blood preparation processed and measured in a FACSort according to the instructions of the manufacturer (BDIS, San Jose, CA, USA).
Human Androgen Receptor Assay (HUMARA)
DNA was isolated by standard phenol-chloroform extraction. The HUMARA was performed as described with some modifications. 17 Briefly, DNA from 3 Â 10 3 flow sorted cells were digested with 10 U HpaII and 10 U HhaI methylation-sensitive restriction endonucleases in 20 ml Multi-Core buffer (Promega, Madison, WI, USA), at 371C, overnight. Then the DNA was precipitated with 2.5-fold volume of 100% ethanol and dissolved in distilled water. The 10 ml final volume of the PCR reaction contained this amount of DNA, 200 mM of each dNTPs, 0.5 U RedTaq DNA polymerase, 1 ml of RedTaq PCR buffer (Sigma-Aldrich Corp., St Louis, MO, USA), 3 pmol of each primers (5 0 GCT GTG AAG GTT GCT GTT CCT C 3 0 as well as 5 0 AGA GGC CGC GAG CGC AGC ACC TC 3 0 ). The amplification was performed in an MJR Minicycler with the following program: predenaturation at 941C for 5 min, 35 cycles of denaturation at 941C for 40 s, annealing at 681C for 40 s, extension at 721C for 1 min and final elongation at 721C for 5 min. The entire volume of the PCR reaction was loaded on an 8% nondenaturing polyacrylamide gel and run at 120 V, 25 mA overnight. The gel was stained with SYBR Gold nucleic acid staining (Molecular Probes, Eugene, OR, USA). The Polaroid pictures were scanned and the digital images were analyzed using the densitometric analysis option of the NIH Image 1.62 software.
Results
Among the 106 chronic myeloproliferative disorders investigated in this study 31 proved to be CML according to the clinical, pathomorphological and molecular data, that is, all these cases featured the bcr-abl rearrangement and expression as revealed by FISH on interphase cells and RT-PCR. The chronic myeloproliferative disorder not otherwise specified (CMPD-NOS) represented the second largest group with 29 patients, whereas 28 patients fell into the essential thrombocytosis (ET), 15 into the polycythaemia vera (PV) and three into the chronic eosinophilic leukemia/hypereosinophilic syndrome (CEL/HES) categories. The proportion of lymphocytes in the marrow varied on a broad scale, the semiquantitative estimate indicated more than usual amount or pattern of lymphocytic infiltrate in altogether 34 (32%) trephine biopsies. The lymphocytic infiltration ranged from diffuse scattered/ moderate infiltration to smaller or larger nodular ones as well as combination of these patterns ( Figure  1a-f) . In one single intertrabecular space (but not in any other one of serial sections) of a CML patient's trephine biopsy (#105) the bone marrow was completely replaced by diffuse lymphoid infiltrate with a morphology pathognomonic for a specific indolent B-cell lymphoma type. 12 The ratio of the CD3-vs CD20-positive cells in the infiltrates showed no characteristic change except in two cases, in one of them (patient #96) a massive CD20-positive nodular infiltrate exhibiting also CD5-CD23 coexpression could be identified (Figure 2a) , whereas in the other one (patient #105) a homogeneous diffuse (in one intertrabecular space; see above) or scattered CD20-DBA44-positive infiltrate was present. 12 In the rest of the cases, both in those with increased or normal amount of lymphoid cells, no phenotype pathognomonic for indolent B cell lymphoma, that is, CD5-CD20, CD5-CD20-CD23, CD10-CD20 coexpression, cyclin D1 positivity or light-chain restriction could be identified.
Immunoglobulin heavy-chain gene rearrangement analysis by PCR was performed on DNA samples of all the 106 trephine biopsy samples. The criteria for either polyclonality or monoclonality in function of reproducibility and dilution were investigated. In a monoclonal sample, a reproducible single amplification band with somewhat decrease of intensity was obtained in triplicate over progressive dilution of the DNA. On the other hand, nonreproducible oligoclonality or even single amplification band mimicking monoclonality could be observed upon dilution in a polyclonal sample (Figure 3 ). Therefore, a PCR amplification was considered mono- Table 1) . For the first run 18 out of the 81 DNA sample appeared to exhibit monoclonal band(s), these results were reproducible and could be confirmed by sequencing, however, only in four samples (5%), one CML and three CMPD-NOS, according to the criteria as above. In two (1 CMPD-NOS, #96; and 1 CML, #105) out of the four cases with monoclonal IgH gene rearrangement in the marrow, the morphology was very suspicious or even pathognomonic for lymphoma, but in the remaining two specimens microscopy was not indicative for a neoplastic lymphoproliferative disorder. In comparison, amplifiable CDR III region was obtained in 31 out of 40 trephine biopsies of untreated indolent B-cell ML patients and among these 24 (77%) proved to be monoclonal for IgH gene rearrangement. This figure was close to the morphological estimation (21 out of the 31, ie 68% of the cases, scored positive by morphology alone). None of the 50 trephine biopsies from patients with malignancies other than B-cell ML gave monoclonal IgH gene rearrangement by PCR.
Somatic hypermutation analysis was performed on DNA from peripheral WBCs with monoclonal IgH gene rearrangement identical to that in the Figure 3 Amplification of CDR III region of IgH gene by PCR as described in the Materials and methods in undiluted (1-2-3), Â 100 diluted (4-5-6) and 10 000 Â diluted (7-8-9) triplicates of DNA samples extracted from paraffin block of trephine biopsies. Various amplification patterns including smear (P1-P3), nonreproducible oligoclonality (P4-P8) or even single amplification band (spurious monoclonality, P9) indicated polyclonality (a), whereas consistent single amplification bands of the same molecular weight (M1-M9) were obtained in a monoclonal sample (b). C þ , positive control; CÀ, negative control, Dw, distilled water; Mw, molecular weight markers. (Table 2) . Data indicated full identity with the germline gene in one patient (#96), but only 80.4% and 82.2% CDRI þ CDRII identity in patients #71 and #105, respectively. In the last two patients, the observed R/S ratio of the CDRI þ CDRII regions exceeded both the observed R/S ratio in the FRII þ FRIII regions as well as the theoretically expected R/S ratio in the CDRI þ CDRII regions. These data indicate an antigen-driven-positive selection, thus somatic hypermutation and postfollicular origin in the last two patients whereas a naive, prefollicular B-cell origin in the first patient (#96). Other investigations, mainly flow cytometry promted by the IgH gene PCR results and retrospective evaluation of clinical data of the four CMPD patients with monoclonal B-cell population in the bone marrow revealed clinically overt lymphoma in two patients. In one of them (patient #96) alternating thrombocytosis and lymphocytosis could be identified in the patient's history. Immunophenotyping of the peripheral blood lymphocytes revealed CD5-CD19-CD23 coexpression and lambda surface light-chain restriction, thus indolent B-cell lymphoma of chronic lymphocytic leukemia type. X-chromosome linked clonality test (HUMARA PCR assay) exhibited monoclonality and the same inactivation pattern for both the flow-sorted peripheral myeloid and the CD5-CD19-CD23 coexpressing leukemic cells of this female patient (Figure 2b-c) . In the other patient (#105) with typical clinical and laboratory findings for CML, but also with extreme splenomegaly (10 cm below costal margins) the morphology of the homogeneous lymphoid infiltrate in one intertrabecular space was pathognomonic for hairy cell leukemia (HCL). This infiltrate and also those scattered, morphologically not discernible ones in the rest of the bone marrow proved to be CD20 and DBA44 positive. Immunophenotyping revealed a minor peripheral white blood cell population with CD11c-CD19-CD25 coexpression and kappa lightchain restriction. Consecutive double immunofluorescence for CD11c and CD19 as well as interphase FISH for Philadelphia chromosome indicated large number of cells in the peripheral blood positive for FISH and negative for these immunofluorescence markers, but also scattered mononuclear cells positive for both CD11c-CD19 as well as bcr-abl rearrangement (data not shown here). 12 In one female patient (#71) of the remaining two with monoclonal B cells population in the marrow and lack of clinical signs for lymphoma, monoclonal IgH gene rearrangement identical in sequence with that in the marrow could be detected in the DNA from WBC preparation. In the peripheral blood, flow cytometry indicated an 8.7% subpopulation among the 7.3% mononuclear lymphoid cell fraction with unique CD19-FSC characteristics and surface kappa light chain restriction. HUMARA assay performed on crude lymphoid and myeloid fractions separated and flow sorted according to the CD45 vs SSC plot indicated monoclonality only for the myeloid cells but no loss of heterozygozity (LOH) for the lymphoid fraction (Figure 4a-e) . During the 7 months follow-up until her death no clinical signs for a Bcell ML developed. Phenotyping of the WBCs was not available in the remaining one patient in this category (patient #24); he succumbed to death due to secondary infection soon after the bone marrow investigation and autopsy did not reveal any sign for malignant lymphoma.
Discussion
This study was conducted for two main reasons. First, the evaluation of the lymphoid compartment in terms of its reactive or neoplastic nature in trephine biopsy materials is a permanent problem for hematopathologist. To this end, morphology and immunohistochemistry were completed with molecular approach, namely with the determination of the IgH gene rearrangement by PCR. Second, systematic analysis about the coincidence of B-cell malignant lymphomas and CMPDs are not available in the literature to our knowledge. Therefore, the morphological and molecular investigations for Bcell neoplasia were performed on 106 consecutive trephine biopsies of untreated CMPD patients. Furthermore, we intended to elucidate whether the morphological and clonality assessment is influenced by the-at least partially-clonal nature of lymphoid cells in these disorders of uncommitted stem-cell origin.
Benign lymphoid infiltrates are relatively common findings and vary according to sex, age and autoimmune disorders. 18 For the large (40.6 mm in Coexistence of myelo-and lymphoproliferative disorders L Pajor et al diameter) and numerous (44 in 1 cm trephine biopsy) aggregates the term 'nodular lymphoid hyperplasia' has been introduced. 19 Although some morphological features, like central localization, heterogeneous cytology and immunophenotype, well-defined borders, fine reticulin fiber network, presence of germinal centers are rather suggestive for a reactive process and opposing indolent B-cell lymphoma type of infiltrate, there are no absolute criteria for the differentiation by morphology alone. This diagnostic problem might be more exaggerated in CMPDs where scattered interstitial, patchy or even nodular lymphocytic infiltrates are more frequently seen than in reactive conditions. and FSC signals exhibiting lambda surface light-chain restriction, the lambda vs kappa ratio is 12.5; (e) HUMARA assay-densitometric analysis of electrophoretically separated PCR products obtained from DNA of different peripheral blood cell compartments flow sorted according to the CD45 vs SSC plot, U undigested DNA, two amplicons with different molecular weight indicate heterozygosity for the trinucleotide repeat marker; lymphoid cells (L) retained the heterozygosity upon digestion with methylation-sensitive restriction endonucleases HhaI and HpaII, which indicate lack of monoclonality whereas myeloid cells (M) after the same digestion exhibit loss of heterozygosity (LOH), thus monoclonality.
Coexistence of myelo-and lymphoproliferative disorders L Pajor et al
Investigation of the IgH gene rearrangement seems to be a real asset in solving this problem, but spurious monoclonality is well documented in small biopsies, like gastrointestinal biopsies or tissues fragments, microdissected specimens from reactive lymph nodes or even in T-cell lymphomas as well as shown by our results, too. [7] [8] [9] 21 Causes of false monoclonality can be the relative paucity of B-cell clones (either because of actual small number of B cells or geographically restricted microclonal B-cell population in a sample) or preferential priming due to the different affinity of the consensus primers for the different IgH rearrangements. 22, 23 Although 32% of trephine biopsies in CMPD patients indicated morphologically an increased lymphoid compartment, only four specimens (5%) out of the 81 with amplifiable CDR III region met the criteria set for monoclonal IgH rearrangement. In comparison, the morphological as well as molecular investigations of the bone marrow for the presence of lymphoid infiltrate gave concordant result for indolent B-cell lymphomas (68 vs 77%). In two out of the four patients with monoclonal IgH gene rearrangement in the bone marrow overt malignant lymphoma with a particular indolent B-cell lymphoma subtype could be discovered. In one of them clonal relationship between the coexisting CML and HCL was proved. 12 In the other patient with coexisting CMPD-NOS and CLL, the same pattern of microsatellite LOH does not prove, but justifiable raises the existence of clonal relationship between the chronic myeloproliferative disease and the indolent B-cell lymphoma. In the remaining two cases with monoclonal IgH gene rearrangement, no clinically overt lymphoma could be found. However, in one of them (patient #71) a minor (0.64% of the WBCs) peripheral B cell population also proved to be monoclonal according to both the surface light-chain restriction and IgH gene rearrangement. Clonal relationship of this monoclonal B-cell population to the myeloid cells could not be proved, because HUMARA test is not sensitive enough to detect such a small monoclonal population. The short follow-up did not allow to reveal the biological significance of this finding, but one might speculate about a very early stage of lymphoma development in this case.
In conclusion: (1) our results confirm that an increase in mature lymphoid compartment of the bone marrow can be much more frequently seen in CMPDs than monoclonal B-cell population being detected by PCR; (2) the clonal B-cell population (5%) or overt B-cell malignant lymphoma (2.5%) is more frequent in CMPDs than would be expected from the 5.4 to 8.1 per 100 000 population incidence rate of non-Hodgkin's ML in Europe; 24 (3) this implies that a kind of predisposition for the development of monoclonal B-cell population in CMPDs could be presumed with the CMPD-NOS, incorporating many developing CMPDs, being at higher risk; (4) although monoclonal B-cell population does not equal with lymphoma as indicated, for example, by the a-heavy-chain disease, Helicobacter pylori-induced gastric B-cell proliferation or Sjö gren disease, where the monoclonal but not lymphomatous B-cell growth represents a stage toward lymphomagenesis, we can justifiable suppose that our two cases with monoclonal B-cell growth in the marrow, but without over malignant lymphoma represent clinically still silent lymphomas; (5) because in these two cases there was not any alarming morphological sign for B-cell abnormality we cannot claim that morphology would be informative for the earliest, preclinical stage of lymphoma development in CMPDs, which contrasts with the predictive value of bone marrow morphology in the two other cases when a clinically overt indolent B-cell lymphoma accompanied the CMPD; (6) flow cytometric and somatic hypermutation analyses together indicate that on the ground of a CMPD B-cell lymphoma can develop from both the peripheral, naive-prefollicular as well as postfollicular B cells indicating a different pathogenesis than the blastic crisis of precursor B-cell origin in fraction of CMPDs; furthermore, somatic hypermutation analysis has a predictive value in differentiating the early blastic crisis of precursor B-cell type from the developing peripheral B-cell lymphoma as exemplified by patient #71; (7) the higher incidence of monoclonal B-cell compartment in marrow cannot be due to the partially clonal nature of mature B-cells in CMPDs which is best documented in CML where 29-69% of mature B cells were shown to belong to the neoplastic uncommitted stem-cell (UCSC) clone. 25 It is because of the IgH gene rearrangement that takes place at a higher level of hemopoietic hierarchy than the clonal expansion of UCSC occurs. Therefore, harboring a clonal marker acquired at the UCSC level does not imply identical IgH gene rearrangement in the progenies. If this were the case, we should have experiencedconsidering the approx. 1% sensitivity of the IgH PCR assay-a much higher incidence of clonal IgH rearrangement in CMPDs; (8) this means, however, that the B lymphocytes clonally related to the CMPD have already acquired the first hit and-based on the hypothesis of multistep cancerogenesis-need less additional aberrations-in comparison to the normal B cells-for the lymphoma to develop. It is indicated by the proved/suspected clonal relationship between CMPD and coexisting B-cell ML in two of our cases. Progression of a CMPD along the lymphoid lineage is best exemplified by the 20-30% of Ph þ precursor B-cell type of blastic crisis in CML. Here, we described another type of lymphoid progression in CMPDs with certainly different, still elusive pathogenesis.
